On the relation between transpiration, soil physical properties and crop production as a basis for water supply plans by Rijtema, P.E.
NN31545 0434 
'ITUÜT VOOR CULTUURTECHNIEK EN WATERHUISHOUDING 
NOTA 434, d.d. 8 januari 1968 
6700 A£ \; 
On the relation between transpiration, soil physical 
properties and crop production as a basis for water 
supply plans 
P. E. Rijtema 
Nota's van het Instituut zijn in principe interne communicatiemid-
delen, dus geen officiële publikaties. 
Hun inhoud varieert sterk en kan zowel betrekking hebben op een 
eenvoudige weergave van cijferreeksen, als op een concluderende 
discussie van onderzoeksresultaten. In de meeste gevallen zullen 
de conclusies echter van voorlopige aard zijn omdat het onder-
zoek nog niet i s afgesloten. 
Bepaalde nota's komen niet voor verspreiding buiten het Instituut 
in aanmerking. 
n^oi^i 
: LANDBOUWCATALOGUS 
0000 0672 3965 

- 1 ™ 
1„ Introduction 
It is the main aim of farming to obtain high yields of good quality of 
those parts of the plant39 which are of economical interest. These yields 
depend on the total amount of dry matter present at harvest and on the 
distribution of dry matter over the various parts of the plants. One of the 
factors which can highly affect the dry matter production is the amount of 
water available for transpiration. 
It ha3 been shown (RIJTEMA, 1965), that actual transpiration not only 
depends on meteorological factors, but also on factors related to the crop 
itself and on the soil physical conditions. For this reason it must not be 
expected that transpiration has a direct relation to the evaporation from 
a free water surface. However, it appears from literature that under condi-
tions of an optimum watersupply, a more or less linear relationship between 
both variables exists. The relations differ under different climatological 
conditions. The transfer of these relationships to widely different climates 
is of particular value for the calculation of potential transpiration from 
various crops, when designing irrigation projects under any given climatolo-
gical condition. The development of a generally applicable method, as propo-
sed in previous papers (RIJTEMA., 1965; 1966a) can be very useful for this 
purpose. 
As transpiration also depends on the soil physical conditions, atten-
tion must be given to the effect of soil properties and of the depth of the 
groundwater table on the amount of water available for transpiration. 
The relation between crop production and transpiration will be deciding 
whether supplemental irrigation will be justified or not. It seems possible 
to give a reasonable prediction of this relation when the vapour pressure 
deficit of the air is taken into account. 
A new characteristic for the classification of the drought sensitivity 
of soils will be given, based on the soil physical properties in relation 
to the depth of the groundwater table. The relation between this soil charac-
teristic, precipitation and crop production will be discussed. This charac-
terization of soils in relation to depth of the watertable might be very 
useful in water management studies, 
It will be clear that the success of application of this type of data 
strongly depends on the knowledge of the effect of meteorological, plant 
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physiological and soil physical data on transpiration and dry matter produc-
tion. A discussion of the interaction of these factors is given in the 
following sections. 
2. Evapotranspiration 
It has been shown in previous papers (RIJTEMA, 1965; 1966b) that actual 
évapotranspiration can be calculated for practical purposes with a combined 
aerodynamic and energy balance approach, taking into account the properties 
of the crop and the soil. The general equation to be used is: 
AH «- ,,/L + Y{E' + f(z , d) uR E.} 
E • BT + E_ - -25 — a ^ 2^1 ( ! ) 
r e
 A + Y{1 + f(z » d) uR } 
11
 o' c' 
where: E is the real évapotranspiration, E the real transpiration from 
J76 J. 
the crop, E_ the evaporation of the precipitation intercepted by the crop, 
A the slope of the temperature saturated vapour pressure curve, H , the net 
radiation, L the latent heat of vaporization^ the psychrometer constant, 
E' = f(z , d) u(e - e ), e the saturated vapour pressure at air temperature 
a o a a a 
e the real vapour pressure, f(z , d) a function depending on the roughness 
9. O 
length (z ) and the zero plane displacement (d) of the evaporating surface, 
u the wind velocity at 2 m height and R the diffusion resistance of the 
crop. 
The value of f(z , d) depends on crop height and on wind velocity. The 
combined effect has been expressed (RIJTEMA, 1965) as: 
f(zQ, d) = g(l) . h(u) (2) 
where: g(l) is a function of crop height with the same dimensions as f(z , d) 
and h(u) is a dimensionless factor, which depends on wind velocity. Values 
of g(l) and h(u) are given in table 1 in relation to respectively crop height 
and wind velocity. 
» 
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Table 1. Values of g(l) in relation to crop height and values of h(u) in 
relation to wind velocity at 2 m height 
Crop height (cm) 
g(D 
Wind velocity (m.sec ) 
h(u) 
0 
0.18 
0.5 
1.32 
2 
0.23 
1.0 
1.17 
5 
0.1*7 
1.5 
1.05 
10 
0,74 
2.0 
0.96 
20 
1,00 
2.5 
0.90 
30 
1.12 
3.0 
0.86 
40 
1.22 
4.0 
0.79 
50 
1.32 
5.0 
0.75 
70 
1.1*2 
6.0 
0.72 
90 
1.50 
7.0 
0.69 
VAN WIJK and DE VRIES (195*0 introduced the factor E
 J.t which repre-
wet 
sents the evaporation from a wet surface of similar shape and dimensions as 
the crop considered. E . can be calculated with equation (1), taking R 
equal to zero. It appeared (VAN BAVEL et.al, 1963; RIJTEMA, 1965) that under 
conditions of a complete soil cover,of high light intensity and of optimum 
watersupply the value of R equals zero for some crops, so E equals E . 
under these conditions. 
Substitution of E in equation (l)(see also RIJTEMA, 1966b) gives the 
following relationship between E and E .: 
E = E^6 + E_ = £-£j£ (E . - EL) + ET 
A + Y|1 + f(z . d) uR i 1
 o' cJ 
(3) 
The diffusion resistance R takes into account the geometry of the 
evaporating surface as well as the effect of both stomatal opening and 
transport resistances in the liquid flow path. The value of the diffusion 
resistance depends on the following factors: 
a. soil cover and leaf area; 
b. light intensity in relation to stomatal opening; 
c. availability of soil moisture and transport resistance for liquid 
flow in soil and plant. 
Although the factors are independent of each other, it is difficult to 
analyse their interaction on the combined effect in the reduction of trans-
piration. For this reason (RIJTEMA, 1966b) it has been assumed that the 
combined effect can be given with the expression: 
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_ h ~ 
c 1 ¥ 
R = R + R + R 
c c c c 
(h) 
c 1 
where: R is the diffusion resistance term depending on soil cover, R the 
C m C 
factor depending on light intensity and R the factor giving the effect of 
soil moisture conditions on the value of R . 
c 
Only few data are available concerning the effect of partial soil cover 
on transpiration. Data of R in relation to soil cover for springwheat are 
given in table 2. 
Table 2. Values of the diffusion resistance R and the soil cover by spring-
wheat 
Soil cover % 
c -1 
R mm Hg.day.mm 
10 
2.33 
20 
1.72 
30 
1.27 
kO 
0„90 
50 
0»60 
60 
0.35 
70 
0.18 
80 
0.08 
90 
0 
100 
0 
Further experimental confirmation of the data given in table 2 is still 
necessary. 
The effect of light intensity on stomatal resistance is wellknown from 
plant physiological literature. RIJTEMA (1965) introduced the mean radiation 
intensity during the balance period as a measure for the light sensitive 
factor, controlling stomatal opening under field conditions. The relation 
between R and mean radiation intensity during the day-time hours is given 
in table j5. 
Table 3. Values of the diffusion resistance R and mean radiation intensity 
during the day-time hours 
Radia t ion i n t e n s i t y 
—2 —1 
c a l . cm min 
1 -1 R mm Hg.day.- mm 
0.10 
3.77 
0.15 
2.76 
0.20 
•1.9U 
O.25 
1.21 
0.30 
0.66 
O.38 
0.0 
> C,l' 
0.0 
Transpiration of water by crops may be regarded as a continuous flow of 
water by potential gradients from the groundwater level through the soil and 
roots of the plants to the leaves, where it is transformed by solar energy 
into water vapour. As transpiration reduces the water content of an initial-
ly wet soil, there is a progressive increase in the soil moisture suction 
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and hence in the general level of the suction in the plant. Furthermore, 
while transpiration occurs in the sub-stomatal cavities, the suction must 
be the greatest in the leaves, since they constitute the final stage of the 
liquid pathway. 
Even when soil water appears to be freely available, the transpiration 
demand can be so high during day-time, that temporary suctions develop, 
which are sufficient to cause a closing of the stomata. The presence of a 
watersupply to the leaves too small to ensure potential transpiration from 
the crop results in an increase of the diffusion resistance R . The relation 
c 
between RV and the suction In the leaf tissue can be given by' the general 
c 
equation (RIJTEMA, 1965): 
R* » f(^e) = f{E^e(Rpl + b/k) + ¥} (5) 
re • re 
where: V is the mean suction in the leaf tissue, E„, the real transpira-
tion, V the mean suction in the effective rootzone, k the capillary conduc-
tivity of the soil at suction *, R the transport resistance for liquid flow 
in the crop and b a geometry factor of the root system related to rooting 
depth, root density and root activity. 
Mean values of R , and b, determined for a grass crop are respectively 
10^2 cm day mm- and 0,kf cm. Mean values of R . and b for springwheat, as 
pi 1 
given by RIJTEMA and RYHINER (1968) are respectively 3000 cm day nan" and 
0.22 cm. 
However, the value of E T is often unknown in many hydrological investi-
gations, so it appears to be useful to relate for practical purposes R to 
an other parameter, also depending on both climatological and soil physical 
factors. For this reason the concept of the potential suction in the leaf 
tissue was introduced (RIJTEMA, 1965); it is defined as the theoretical suc-
tion necessary in the leaf tissue to ensure potential transpiration at the 
soil physical conditions prevailing in the rootzone of the crop. This theorem 
tical suction value can be calculated with the following expression: 
ypot
 m jgPOtft + b / k) + y (6) 
where E£ is the potential transpiration, while the other factors have the 
18U 
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same meaning as in equation (5)» The potential transpiration can be calcula-
ted with the expression: 
Epot A + Y (E E ) 
T
 " A - Y{1 + *<*„. d) u(H° + £)} W6t " Z (7) 
The relation between R and V^° varies from crop to crop. Values of 
w T]Ot e x 
R and ¥~^ for grass and springwheat are given in table 4. 
-1. Table 4. Values of R ¥(mm Hg day mm" ) for various values of ¥* 
(atmospheres), valid for grass and springwheat 
pot 
„pot 
1 
0 
10 
20 
30 
40 
50 
60 
TO 
80 
0 
0 
0.03 
0.61 
i.in 
2.33 
3.U1 
4.62 
5.95 
7.50 
2 
0 
0.10 
0.77 
1.58 
2.53 
3.65 
4.87 
6.23 
7.83 
4 
0 
0.21 
0.91 
1.75 
2.74 
3.88 
5.12 
6.52 
8.15 
6 
0 
0.34 
1.07 
1.93 
2.96 
it.12 
4.39 
6.80 
8.49 
8 
0 
0.48 
1.23 
2.13 
3.18 
4.37 
4.67 
7.08 
8.83 
3. Transfer of crop factors in relation to evaporation 
It appears from literature (STANHILL, 1961; TALSMA, 1963) that a reason-
able empirical relationship is present between potential évapotranspiration 
and evaporation from a free water surface» when this relation is determined 
for mean monthly values. 
For the determination of the irrigation requirements of a certain crop 
it will be in general sufficiently accurate, when the data of the evapora-
tion from a free water surface are multiplied by an empirically determined 
crop coefficient. Difficulties arise, however, when these crop coefficients 
are used under other climatological conditions. It has been shown (RIJTEMA, 
1965, 1966a) that the relation between E . and E , the latter either 
• wet o' 
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calculated, or measured with sunken pans, can be given for any climatologies! 
condition, proceeding from the following arguments: 
a. the difference in reflection between a crop (r = 0.23) and a free 
water surface (r = 0.05) is taken into account; 
b. the difference in the wind function holding for a crop |f(z , d) u 
and for a free watersurface (0.182 u) is taken into accountj 
c. the difference in net longwave radiation from a crop and from a 
free water surface can be neglected. 
The relation between E . and E can be given under these conditions as: 
wet o s 
E = E - 0.18 . * H . /L + T-T--{f(z » d) •* 0.182} u(e - e ) (8) 
wet o A + y sh A + yl o' ' a a 
The equation demonstrates, that the relation between E . and E depends 
on the empirical relations between E and respectively 
— 1 ° —1 0.18 A(H , /L) (A + y) and YU(E - e ) (A + y)~ . The correlation between 
sn a a 
E and the first meteorological term appears to be very high under various 
climatological conditions. This must be explained by the fact that the second 
term 
meteorological has only a small influence on the value of E . The empirical 
relation between E and the radiation term can be given by a linear equation 
as: 
°-
l8TT7H7=^o + b (9) 
The correlation between E and the second meteorological term in equa-
tion (8) is less, due to the fact that the value of E is not very sensitive 
o 
to changes in the value of the vapour pressure deficit term. However, in 
general the relation can also be approached by an linear expression as: 
JL u(e - e ) = cE + d (10) 
A + Y a a o 
Values of the constants a, b , c and d for some climates are given in 
t ab le 5. 
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Table 5. Values of the constants a, b, c and d at various locations 
Place 
Wageningen 
t h e Nether lands 
Bejaoua 
Tunesia 
Kut -e l -Hai 
I r a q 
Hulah Val ley 
I s r a e l 
Karuzi 
Burundi 
Type of c l ima te 
temperate zone 
humid 
a r i d 
a r i d 
a r i d 
t r o p i c a l 
dry and wet season 
a 
0.20 
0.193 
0.185 
0.185 
0.192 
b 
0.09 
0.15 
0.15 
0.12 
0.17 
c 
0.1+8 
0.80 
1.93 
0.8U 
hM 
d 
1.08 
1.15 
- 0.M) 
0,53 
- 16.U7 
It appears that the constants a and b only very slightly vary with 
climate, so it seems to be justified to give for practical purposes a and b 
mean values of respectively 0,19 and 0.15. 
The constants c and d change to a great extent in dependence on the 
climate. The extreme values of these constants for the arid conditions in 
Iraq are partly due to the fact that the relative humidity was determined 
from day-time observations instead of from 2l*-hour means. 
The large values of c and d for the Karuzi area are characteristic of 
the tropical climate, with only a slightly varying value of E over the 
whole year, while the climate has a dry and a wet season. 
Substituting the linear equations (9) and (10) in equation (8) gives 
as general expression of the relation between E . and E : 
wet o 
Ewet = M - a + c{f(zQ, d) - 0.182JI E Q + d{f(zQ, d) - 0.182} - b (11) 
It is clear from this expression that the relationship between E 
wet 
and E depends on the value of f(z , d). The mean values of f(z , d) for 
o o o 
crops like grass and alfalfa, are for monthly periods more or less constant 
due to the frequency of mowing. In that case a linear relationship exists 
between E , and E . 
wet o 
For most arable crops the value of f(z , d) varies over the year and 
the relation between E and E does not need to be linear. It appears, 
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however, (RIJTEMA and RYHINER, 1968) when a certain correlation is present 
between f(z , d) and E the apparent relation between E . and E can be a 
o' o wet o 
linear one again. This could also be shown for alfalfa growing under the 
Tunesian climatological conditions. The mean height of the crop was 25 cm 
during the summer half year, whereas it was 15 cm over the winter half year. 
The mean values of f(z , d), based on experiments in the Netherlands, were 
respectively 0.92 and O.76. The mean values of E in the summer and winter 
period were respectively 5.63 and 2„0lj- mm.day" , "with equation (11) the cal-
culated mean values of E , are respectively 8.57 and 3.10 mm,day" . These 
calculated means are connected by a straight line given by the following 
equation: 
E . = I.52 E + 0,02 (12) 
wet o • 
In particular when large values of c have to be substituted in equa-
tion (11), which means a steep slope of the line given by equation (10), the 
deviation between calculated and observed values of the term 
YU(E - e ) (A + Y ) ~ may lead to considerable errors. Under these conditions 
a a 
it might be better to substitute only equation (9) in expression (8) and to 
use the directly measured data of wind velocity, tenperature and relative 
humidity. Equation (8) then becomes: 
E 
wet 
= O.81 E + . I (f(z , d) - 0.182} u(e » e ) - 0.15 (13) 
o A + Y l o ' a a 
The required calculation of E . can be made with data of E , measured 
with sunken pans with a standard exposure (RIJTEMA.,, 1965) or with data calci 
lated from climatological observations. Reliable results, using equation 
(13), were also obtained for weekly periods. 
A comparison of the calculated data of E , with the observed data 
given by VAN 'T LEVEN and HADDAD (196U) of E , E
 i S determined with the 
o pots 
waterbalance of lysimeters, and E , determined with the waterbalance of 
irrigated fields, under the Tunesian climatological conditions is given in 
table 6. 
18U 

- 10 -
Table 6. Observed data of E , E . and E from alfalfa and the data calcu-
o• pot re 
lated with the equations (12) and (13) under the climatological 
conditions in Tunesia in 1963. All data in mm.day' -1 
Month 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 
E 
o 
1.1 
1.6 
2.9 
3.T 
k.6 
5.9 
6.9 
6.k 
U.3 
2.5 
2.8 
1.2 
pot 
water 
balance 
1.7 
1.1 
3.6 
U.1 
6.9 
7.T 
9.9 
10.0 
6.5 
U.1 
5.1* 
2.2 
E 
re 
water 
balance 
1.6 
1.2 
-
k.2 
3.8 
l.h 
7.5 
9.1 
3.6 
2.5 
3.2 
0.9 
E- . 
wet 
eq.(12) 
1.7 
2.5 
k.k 
5.6 
7.0 
9.0 
10.5 
9.7 
6.6 
3.8 
U.3 
1.8 
wet 
eq.(13) 
1.U 
2.7 
3.8 
5.2 
6.9 
8.1 
9.6 
9.k 
6.0 
Jf.O 
k.k 
2.5 
The agreement between the calculated data of E . with the observed 
data of E . is very good, taking into account the very rough estimates of 
crop height used in the determination of f(z , d) during the winter and the 
summer half year. The deviating data of E are not surprising. Directly 
after irrigation a potential transpiration rate will be present, but the 
transpiration declines after some days, due to the loss of moisture from the 
soil. 
k. Water management of soils in relation to évapotranspiration 
The soil moisture content is changing during the course of the year under 
influence of precipitation, évapotranspiration and drainage. The amount of 
precipitation during the growing season is generally not sufficient to cover 
the water requirements of crops under the climatological conditions in the 
Netherlands. For this reason the watersupply of crops depends for a major 
part on the availability of soil moisture. 
Though the effect of soil moisture on the reduction of transpiration 
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has been described in section 2 by the moisture conditions and soil physical 
properties of the effective root zone, this does not mean that both the 
physical properties of the subsoil and the depth of the groundwater table 
do not effect the availability of soil moisture. Due to the uptake of water 
from the root zone by the crop a potential gradient is established below 
the root zone causing a rise of water from the subsoil and from the ground-
water table to the root zone, which results in an additional supply of water. 
The amount of water, which comes available from the subsoil and from the 
groundwater table, determines to a great extent the moisture conditions in 
the root zone, when natural precipitation fails to rewet this zone during 
growth. The depth of the groundwater table as well as its fall during the 
growing season are determined to a great extent by the hydrological condi-
tions under which the soil is situated. It will be clear that due to periodi-
cal rewetting of the soil by precipitation, to variations in the transpira-
tion rate and to the hydrological conditions no steady-state conditions in 
the watersupply by the soil will be present. Nevertheless, a fair approach 
of the watersupply from the layers below the root zone can be obtained, 
using the steady-state solutions for capillary rise, in which the suction at 
the lower boundary of the effective root zone affects the moisture transport. 
A full discussion on the relations between capillary conductivity and 
suction used in literature has been given in a previous study (RIJTEMA, 1965)« 
It appeared that the relationship between both factors in the low suction 
range can be given by the expression 
- a(¥ - ¥ ) 
k = k e ' a f > <p (1U) 
o a 
Where k is the capillary conductivity, k conductivity at zero suction, 
¥ the suction, ¥ the suction at the air-entry point and a is a constant 
a 
depending upon the soil. 
The conductivity k at saturation, obtained by extrapolation of the rela-
tionship given in equation (1*0 is not in all scilß equal to the hydraulic 
conductivity k determined under saturated conditions. The extent to which 
k exceeds x£s> value of k depends on the existence of an apparent non-capilla-
ry pore space, such as root holes and cracks losing water immediately when a 
very small suction is present. Under these conditions the value of ¥ equals 
18U 
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zero. The deviation present at very low suctions has very little influence 
on the considerations concerning capillary rise, so the extrapolated values 
can be used on this subject. 
Equation (1*0 holds only in the low suction range. The maximum value 
of the suction to which this equation is valid varies from soil to soil. 
The relation between capillary conductivity and suction can in the high 
suction range be expressed by the type of equation, proposed by WIND (1955) 
and WESSELING (195T), as: 
k = a<T n (15) 
I t has been shown (RIJTEMA, 1965) tha t the value of n for different 
so i s i s close t o 1.U. The value of the constant a varies from s o i l t o s o i l . 
An example of the r e l a t ion between capi l la ry conductivity and suction i s 
presented in figure 1. 
The r e l a t ion between suction and height above the groundwater t ab le can 
be calculated for various flow ra tes v , using for s teady-s ta te conditions 
and upward v e r t i c a l flow Darcy's law 
v = k ( | f - 0 (16) 
and the given relations between capillary conductivity and suction. 
The relation between flow velocity and suction at the lower boundary 
of the effective root zone for various values of the depth of the groundwater 
table can also be given. These relationships are presented in figure 2 for 
the three soils given in figure 1. The flow rate increases already strongly3 
particularly when shallow groundwater tables are present; at low suctions 
at the underside of the effective root zone, so the capillary supply from 
the groundwater table can be considerable even at low suctions in the root 
zone. The capillary rise from the groundwater table depends under these 
conditions to a great extent on transpiration, since the value of capillary 
rise cannot exceed the transpiration rate for a long time. The capillary 
rise is small in soils with a poor capillary conductivity, or in soils with 
the groundwater table at greater depth. The transpiration rate exceeds the 
capillary flow velocity considerably and there is a gradual increase in 
18U 
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suction in the root zone of the crop, which in its turn affects the capilla-
ry flow velocity. 
It is necessary, however, in investigations concerning the influence of 
the groundwater table on transpiration, to determine also the amount of 
water which can be extracted from the layers between the lower boundary of 
the effective root zone and the groundwater table. The calculations of the 
amount of moisture available from> these layers are also based on the 
steady-state solution of the capillary flow equation (16), assuming a 
maximum suction of 16.10 cm at the lower boundary of the effective root 
zone. The relation between the maximum values of capillary rise and the depth 
of the groundwater table in cm below the effective root zone is presented in 
figure 3 for the three soils. The maximum amounts of moisture which can be 
extracted from the subsoil are shown in figure k in relation to the depth of 
the groundwater table. 
It will be clear from the preceding discussion, that both the hydrolo-
gical conditions, which determine the depth of the groundwater table, and the 
physical properties of the subsoil, which determine the capillary flow rate 
as well as the maximum amount of moisture which can be extracted from this 
layer, affect highly the moisture conditions in the root zone of the crop. 
5. Crop production and transpiration 
of 
The dry matter production crops is mainly the result of net photosynthe-
sis, as the production of compounds other than carbohydrates can be ignored 
quantitatively during the growth of a field crop. Net photosynthesis is under 
conditions of high light intensity, mainly determined by the diffusion pro-
cess (DE WIT, 1958; BIERHUIZEN and SLATYER, 1965)» Light intensity can 
affect this diffusion rate only indirectly through an influence on the stoma-
tal resistance (GAASTRA, 1959). Both DE WIT (1958) and GAASTRA (1959) state 
that under conditions of low light intensity production is not limited by tha 
diffusion process, but by the light sensitive photochemical process, associa-
ted with the activation of the light energy for the reduction of C0„. However, 
a study of BIERHUIZEN and SLATYER (196U) shows that the resistance for CO 
transport in the leaf mesophyll is also effected by light intensity. The 
results of this study indicate that net photosynthesis under conditions of 
low light intensity might also be governed by the diffusion process. 
18U 
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BIERHUIZEN and SLATYER (1965) and RIJTEMA (1966a) show that the rela-
tion "between net photosynthesis and transpiration -under steady-state condi-
tions can be given by the relation: 
R
 + R C°2 a c 
co2 
a ' — r - A
 a c
 • - - 1 /. v 
P A
 R' + R' + R' * e. - e * ^  U T ; a c m 1 a 
The factor A is a conversion factor to keep consistent units, when the 
rate of dry matter production (p) is expressed in kg.day" , the transpira-
tion rate (E_) in mm.day" , the various resistances R and R' in secern" , 
the internal saturated vapour pressure (e.) in the leaves and the actual 
vapour pressure (e ) in the bulk air in mrn.Hg, and the internal carbondioxye'a 
in the bulk 
a 
concentration C0p in the leaves and the concentration C0p 
3 — ~~ 1 3 
air in cm C0 p per cm of air. 
R and R' are comparable resistances for mass flow in the turbulent 
61 El <* 
moving air; so R' = R = {f(z , dXi } " . 
O. El O 
The values of the diffusion resistance of the crop for water vapour 
transport (R ) and for C0 ? transport (R'), as well as the resistance in the 
c
 , « and light intensity 
leaf mesophyll for C0p transport (R'j depend on crop densityVTJnder condi-' 
tions of a limited watersupply both R and R* increase due to stomatal closure* 
At present it is not known, whether the value of R' is also affected by a 
lack of water, or not. 
For practical purposes the total production of dry matter is of much 
more interest than the daily production rate. As factors as crop height, 
crop density, leaf arrangement and lack of water vary in a complex way over 
the growing season, the total dry matter production can hardly be calculated 
in a theoretical way. For this reason the relation between dry matter produc-
tion and total transpiration has to be determined experimentally. This might 
be done, using mean values for the various resistances over the growing 
season, introducing the mean vapour pressure deficit at 2 m height and a 
mean COp gradient, instead of the actual ones. 
Substituting for E in equation 17 the total transpiration during the 
—1 period of growth, gives the total dry matter production in kg,ha as a 
linear dependent variable. Differences in the various climatic conditions 
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are taken into account by the variation in the mean value of the vapour pres-
sure deficit. 
Hie ratio E.P~' of various crops in relation to the vapour pressure 
deficit in the air is presented in figure 5, based on data from literature, 
as collected by BIERHUIZEN and SLATYER (19^5). The scatter of the data is 
rather large, due to the fact that the authors calculated the vapour pressure 
deficit from the W.M.O. tables, which give only long range mean values of 
relative humidity for a restricted number of places. The actual mean vapour 
pressure deficit during the years of the experiments, and at the locations 
where the experiments were performed, may differ considerably from the mean 
values used. However, the results clearly demonstrate that the vapour pres-
sure deficit allows the transfer of the ratio E^P-1 of a crop to different 
climates. 
The net photosynthetic rate of crops per unit of leaf surface decreases 
at low mineral nutrient levels (WATSON, 1952; VAN DER PAAUW, 1956). It is 
also known from literature (RIPLEY, 1966) that water is used more efficiently, 
when an adequate supply of fertilizers was given, than when a low state of 
fertility was present. This means that under conditions of low fertility 
transpiration is not affected to a great extent, whereas the dry matter pro-
duction strongly reacts. Data concerning the yield of alfalfa hay obtained in 
irrigation experiments in the U.S.A. were collected by DE WIT (1958). This 
author uses the estimates of daily mean evaporation from a free water surface 
(EQ) instead of the vapour pressure deficit in the air. The relation between 
the yield of alfalfa and the ratio E.EQ is presented in figure 6. 
This figure clearly demonstrates, that under conditions of low soil 
fertility a large reduction in transpiration may exist before the production 
of alfalfa hay decreases considerably. Under these conditions it is not use-
ful to apply such an amount of irrigation water that potential transpiration 
is ensured; it is economically better to give this amount of water over a 
larger area in order to raise dry matter production per unit of applied water. 
Periods of drought do generally not affect the relation between dry mat-
ter production and transpiration to a great extent, provided that the dry mat-
ter of the wilted parts of the crop is also harvested. The relation between 
dry matter production and transpiration, as given in equation (17) is linear 
and passes through the origin. However, generally the above ground parts of 
the crop are only harvested. The relation between production and transpiration 
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depends in that case on the quantity of dry matter present in the roots, 
When the sprout-root ratio is large and when the main quantity of roots are 
formed during the early stages of growth, small fluctuations in the amount 
of dry matter present in the roots, does not affect the linear relationship 
very much. With a small value of the sprout-root ratio; continuous root 
production and several yields during the growing season the relationship 
between matter production and transpiration might he affected to a great 
extent. 
The evaporation of intercepted precipitation may also effect the rela-
tion between dry matter production and transpiration, as the evaporation 
(ET) of the intercepted precipitation reduces the transpiration rate» An 
approach to eliminate this effect can be derived from equation (3) resulting 
in the following equation: 
wet I 
're 
where E„, is the transpiration from the crop when ET equals zero. 
The relation between dry matter production of various cuttings of grass 
and E_ (e - e ) is presented in figure 7. The deviation from linearity 
x a a 
might be partly caused by the variation in root production. However, DE WIT 
(1965), approaching dry matter production in relation to radiation, shows 
that the rate of photosynthesis depends on the leaf distribution of the crop,, 
which changes with the age of grass. It appears from data, given by MAKEIHK 
(1962), of the highest grass yields per mm water used by the crop against tha 
effective radiation, that at the same value of the effective radiation the 
mean daily production during the period of growth varies by a factor exceed-
ing 2. It can be shown (RIJTEMA, 1968) that the relation between dry matter 
production and EL, (e - e ) varies in relation to crop height. In particular 
J. a a 
the regrowth of grass after cutting is strongly affected by the soil moisture 
conditions. The relation between production and E~ (e - e ) differs under 
1- 8. a. imean 
wet and dry soil moisture conditions, due to the effect of the difference'ir"> 
crop height during the short period of growth between two successive cuttings. 
No attention has been given yet to the effect of the distribution of 
available water during growth on the distribution of drv- matter over the 
various parts of the crop. Some data of sprinkler irrigation experiments, 
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performed in the Netherlands (DE VOS en TOUSSAINT, 1966), with oats, in 
•which the main purpose was to investigate the effect of time of irrigation 
on the yield and the production of grains are given in table 7« The experi-
ments were performed in 1959 on a coarse sandy soil, with an available 
amount of soil moisture of 100 mm. 
Table f. Amount of irrigation water and natural precipitation in mm water during the 
growth of oats, as well as the yield of grain and straw. Dry matter content 
83 % 
Plot 
no 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Precipi-
tation 
20/4-10/5 
-
-
-
-
-
-
-
-
-
-
-
-
-
21 
May 
II 
25 
-
-
-
-
-
-
-
-
--
-
20 
-
13 
III 
25 
25 
-
-
-
-
-
-
50 
-
-
30 
50 
1 
June 
I 
-
25 
25 
-
-
-
-
-
-
-
30 
55 
65 
4 
II 
-
-
25 
25 
-
-
-
-
50 
45 
45 
35 
35 
-
Ill 
-
-
-
25 
25 
-
-
-
-
35 
35 
60 
40 
19 
July 
I 
-
-
-
-
25 
25 
_ 
-
-
-
-
-
1*0 
31 
II 
-
-
-
-
-
25 
-
-
-
-
-
-
-
-
Total 
I + P 
139 
139 
139 
139 
139 
139 
89 
89 
189 
169 
199 
289 
319 
89 
_1 
Yield kg.ha 
grain 
2070 
2U7O 
2100 
1890 
1480 
1290 
I28O 
1360 
3150 
2240 
2940 
1+330 
45IO 
straw 
326O 
2950 
3400 
3940 
3510 
2210 
2300 
26OO 
4100 
356O 
5O6O 
632O 
6430 
total 
5330 
5420 
5500 
5830 
4990 
3500 
3580 
3960 
7250 
5800 | 
8000 
IO.650 
10.940 
The heading of the crop started during the first 10-day period in June 
and flowering was during Jtine II/III. No large differences in dry matter 
production were present on the plots with an irrigation gift of 50 mm, ex-
cept when the water was given in July. The grain-straw ratio, however, varied 
markedly from 0.42 till 0.84 depending on the time of irrigation. The 
maximum value was reached with irrigation just before and during heading«-
The same holds for the plots 9, 10 and 11. The maximum yields were obtained 
on the frequently sprinkled plots. 
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A similar result was obtained with winter-wheat and with spring-wheat 
in 1966 (TOUSSAINT* 1967) when before and during heading a 3.5 weeks period 
of severe drought was present, which was detrimental for the non-sprinkled 
plots. The sprinkled plots of winter-wheat and spring-wheat had an increase 
in yield of respectively 1000 and 1700 kg grain/ha. The abundant amounts of 
precipitation fallen after this period could not restore the drought damage 
during heading. 
The large variation in the increase in yield from 0 to 19 kg grain/ha. 
mm water as presented in the literature on sprinkling irrigation of cereals, 
must be explained by the eventual occurrence of a severe moisture stress 
just before and during heading. 
The probability, that a period of severe drought is present just before 
and during heading, gives a second criterion to decide whether sprinkling of 
cereals is economically attractive or not. 
6. Characterization of drought sensitivity of soils. 
The relation between yield and mean depth of the groundwater table is 
very frequently used as a characteristic of drought sensitivity. The main 
disadvantages of this characteristic are: 
a. the relationship between yield and the depth of the groundwater table 
varies from soil to soil; 
b. the relationship changes, within one type of soil, dependent on the cli-
matic conditions during growth. 
The figures 2, 3 and 4 offer a possibility to give an other characteris-
tic of drought sensitivity of soils in relation to the depth of the ground-
water table. The maximum amount of water which can be extracted by the crop 
within a certain number of days is calculated from these figures, to which 
the amount of moisture available in the root zone is added. The calculations 
are starting from equilibrium conditions at the beginning of the period of 
growth, while the following propositions have been made: 
a. the extraction rate of moisture present in the effective root zone of the 
crop is not restricted between field capacity and wilting point; 
b. the mean extraction rate of the moisture from the layer between the lower 
boundary of the effective root zone and the groundwater table, to a maxi-
mum amount of extraction as given in fig. 4, is two times the maximum flow 
rate presented in fig. 3; 
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c. the flowrate for capillary supply from the groundwater table is derived 
from fig. 2, assuming a mean suction of 1000 cm at the lower boundary of 
the effective rootzone. 
The maximum amounts of moisture which can be extracted by a grass crop, 
with an effective rootzone of 25 cm, in relation to the depth of the ground-
water table are calculated for periods of 350, 6o, 90 and 120 days. The re-
sults of these calculations are given in table 8. 
Table 8. Maximum amounts of moisture (mm) available for transpiration by grass in re-
lation to the depth of the groundwater table for periods of 30, 60, 90 and 
120 days. 
Soil 
Sticky clay 
Peat 
Loamy sand 
Period length 
(days) 
50 
60 
90 
120 
30 
60 
90 
120 
30 
60 
90 
120 
50 
144 
201 
258 
315 
_ 
-
-
-
_ 
-
-
-
55 
_ 
-
-
-
241 
388 
535 
682 
355 
510 
765 
1020 
Depth of 
60 
128 
167 
206 
245 
204 
315 
417 
528 
290 
448 
600 
752 
the groundwater table 
(cm-surface) 
75 
120 
150 
176 
203 
152 
212 
26O 
314 
192 
261 
330 
399 
100 
107 
124 
136 
151 
135 
170 
197 
219 
148 
195 
221 
250 
125 
102 
120 
127 
137 
121 
161 
190 
210 
111 
150 
173 
201 
150 
95 
111 
125 
132 
110 
152 
I83 
205 
85 
110 
135 
160 
It appears from this table that the sticky clay has the smallest amount 
of available water in comparison with the two other soils. This is due to both 
the small values of capillary rise from the groundwater table and the small 
amount of moisture which can be extracted from the layers between the lower 
boundary of the effective rootzone and the groundwater table. Moreover, it 
appears that a fall in the groundwater table from 125 to 150 cm below surface 
does not affect the available moisture in the sticky clay and in the peat 
soil to a great extent, whereas it does in the loamy sand. 
Although the large amounts of available moisture calculated for shallow 
water tables are not withdrawn by transpiration under the climatological 
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conditions in the Netherlands, this does not imply, that these figures are 
meaningless, as they are a measure of the conditions of growth of the crop. 
The crop grows under conditions of a high suction in the effective rootzone 
during the main part of the season, when only a small amount of water is 
available in the soil. Very large amounts of available water mean low suct-
ions in the effective rootzone of the crop even when long continued periods 
without precipitation are present. 
The amount of water available for transpiration increases during growth 
due to precipitation and also when water is added by irrigation. For this 
reason the total maximum amount of available water is introduced, being the 
sum of the maximum available soil water, precipitation and irrigation water 
during the growing season. 
The relation between real évapotranspiration from grass and the total 
maximum available water in 1959 is presented in fig. 8 for various periods, 
starting in the beginning of May. The straight line drawn in this figure 
gives the situation in which E r e equals the total amount of available water. 
Pig. 8 shows, as a very rough estimate that potential transpiration is en-
sured throughout the growing season if Fco-t is smaller than 60$ of the total 
available water. This 60% is of course a very crude figure, as it will 
strongly depend on the distribution of precipitation and irrigation water 
over the summer season. This percentage will increase when a favourable dis-
tribution of precipitation is present, whereas it decreases with an unfa-
vourable distribution. The calculated data for the three soils show a similar 
reaction in the reduction of transpiration. 
The relation between dry matter production of grass and the total maxi-
mum amount of available water in 1959 is presented in fig. 9« The weather 
conditions in 1959 can be characterized as warm and dry. Pig. 9 shows that 
no maximum production rate can be proved, so it is concluded, that under the 
climatological conditions in 1959* the available water was the limiting 
factor in crop production. The data of the various soils and various periods 
are mixed reasonably well. The scatter in the observations is still rather 
large. 
The corresponding relation in I960 is presented in fig. 10. The climato-
logical conditions in i960 can be characterized as cool weather, without 
much precipitation during May and the first half of June, whereas in July and 
in August extremely large amounts of precipitation were present. An examina-
tion of the data shows, that in each period the maximum production could be 
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reached, so it must be concluded that water was not always the limiting 
factor for crop production. The data of the 1j52-days period show even a 
weak optimum, indicating that due the extremely wet conditions in the second 
half of the period in soils with large amounts of maximum available soil 
moisture, aeration might become the limiting factor. 
The data of i960, left of the straight line drawn in fig. 10 and the 
1959-data are presented again in fig. 11. The observations are divided in 
groups of maximum available soil moisture. It appears that the data of soils 
.with a small amount of maximum available soil moisture are situated at the 
left side in the figure, whereas soils with large amounts of available soil 
moisture are at the right hand side. The scatter of the observations in the 
various groups can be partly explained by the fact that the production in 
i960 was close to its maximum, which effects the relation between dry matter 
production and total maximum available water for a number of the observations. 
A large difference in dry matter production appears to exist at a same 
amount of total maximum available water between soils with a small and a large 
amount of maximum available soil moisture. This variation can be explained 
by the extra amount of precipitation and irrigation water required to come 
to the same amount of total maximum available water in soils with a small 
amount of available soil moisture. This extra amount of water, generally, 
rewets only the effective rootzone of the crop, due to the distribution 
over the growing season. In soils with a large amount of maximum available 
soil moisture, the main part of the soil water comes from the sub-soil and 
from capillary rise from the groundwater table. In the latter case the mean 
suction in the effective rootzone, will be higher than in the first one. 
This situation appears to have a great effect on the dry matter production. 
A further examination of the data of dry matter production of grass, 
total maximum available water and maximum available soil moisture resulted 
in the curves presented in fig. 12. The relationships given in this figure, 
combined with an analysis of the frequency of occurrence of a certain amount 
of precipitation during a certain period, gives the opportunity to calculate 
the dry matter production of grass, which must be expected under various 
conditions of precipitation in a given hydrological situation, which is al-
ready present or which will be realized in the future. 
An example of the calculated expectation values of the dry matter pro-
duction of grass, precipitation, frequency of occurrence and maximum availa-
ble soil moisture is given in table 9. The data of precipitation and frequency 
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of occurrence were derived from an analysis given by SNIJDERS (1966) of the 
observations at Winterswijk. Each period begins at May 1st. An amount of pre-
cipitation of 21 mm over 30 days, with a frequency of once in 10 years, 
means that once in 10 years over a 30 days period the amount of precipitation 
is 21 mm or less. 
Table 9. Expected dry matter production of grass (kg.ha"') in relation to maximum 
available soil moisture and precipitation 
Period Precipi- Frequency of Maximum available soil moisture (mm) 
length tation occurrence 
(days) (mm) (n x per 
100 years) 125 175 225 275 350 400 500 600 700 
900 1350 1770 2200 2930 3470 
1150 I6OO 1970 2400 3000 3500 
2200 2450 2650 3000 3450 3500 
I8OO 2100 2380 2750 3270 38OO 5000 628O 
2730 3030 32OO 345O 3770 4260 538O 6670 
3910 43OO 445O 455O 4620 49OO 6OOO 7000 
288O 318O 3300 3550 387O 4280 5460 675O 809O 
4100 4480 4660 4730 4770 5120 6100 7400 8770 
5320 5750 6000 6100 6150 6220 6880 8220 9600 
4000 4360 4530 4600 4670 5030 6030 7350 8700 
5270 5700 5970 6030 6100 6170 6850 8170 9550 
6550 7050 7330 7480 7610 7720 8020 9190 10550 
30 
60 
90 
120 
10 
21 
50 
39 
69 
117 
75 
125 
185 
120 
182 
255 
1 
10 
50 
1 
10 
50 
1 
10 
50 
1 
10 
50 
The total maximum amount of water required for a certain dry matter 
production of grass is very large in comparison with the data for oats given 
in table 7. A dry matter production of oats of 9100 kg.ha"1 (O.83 x 10940) 
requires a total amount of available water of 419 mm (319 + 100), whereas a 
same dry matter production of grass on a soil with 125 mm maximum available 
soil moisture requires 545 mm. The large difference in required amounts of 
water can be explained by the difference in root production. A1BEHDA (1962) 
states that the leaf production of grass is about 60% of the total dry matter 
_1 
production. As a consequence a dry matter production of grass of 7000 kg.ha 
is equivalent to a total dry matter production of H.690 kg.ha" . 
HH3DDJG and WIND (1963) give as dry matter weight of roots and stubble of 
oats 2000 kg.ha-1. Conditions of drought do not affect this amount to a 
great extent, as the main part of the root system will be produced during 
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the early stage of growth. A dry matter production of grains and straw of 
oats of 9100 kg.ha is in that case equivalent to a total dry matter product-
ion of 11.100 kg.ha"1. Hie preceding discussion gives the opportunity to ex-
press the dry matter production of grass in an equivalent dry matter product-
ion of oats. 
The full drawn line in fig. 13 represents the calculated equivalent 
production, calculated from the corresponding grass curve, taking into ac-
count the difference in dry matter present in the roots and stubble, in re-
lation to the total maximum available water. The points represent the dry 
matter production of oats on a basis of 100$ dry matter, as derived from 
table 7. The agreement between the calculated equivalent curve and the obser-
vations is very good, indicating that a similar family of curves, as given 
for grass, holds for cereals. The dotted line in the figure indicates the 
maximum production level of oats on this coarse sandy soil. 
The results shown in the preceding discussion, illustrate clearly, that 
the proposed method of soil classification might be very useful in hydrolo-
gical studies, to characterize the effect of available soil moisture in re-
lation to production. 
7. Summary 
A discussion is given on the effect of climate and soil physical con-
ditions on transpiration and dry matter production. 
The transfer of crop coefficients to various climates has been treated. 
A general expression has been given of the relation between evaporation from 
a wet crop surface, a free water surface, vapour pressure deficit and wind 
velocity, holding for completely different climates. 
The effect of soil physical factors on the reduction in transpiration, 
on capillary rise from the groundwater table and on extraction of water from 
the subsoil is dealt with. 
The relation between transpiration and dry matter production depends on 
both climate and soil fertility. It is possible, however, to give a reason-
able prediction of the ratio Erp/P for any climatological condition 
when the vapour pressure deficit of the air is taken into 
account. 
In particular for crops of which the grain production is of primary im-
portance, a severe moisture deficit during heading and during early flowering 
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affects grain production highly. 
A hydrological soil classification system has been proposed, depending 
on the physical properties of the soil and based on a standard calculation 
of the maximum amount of available soil moisture. The data of three different 
soils are given, as well as the relation between the calculated data and both 
transpiration and dry matter production. It appeared that a same amount of 
maximum available soil moisture calculated for the various soils gives iden-
tical results in relation to the reduction in transpiration, as well as in 
relation to dry matter production. 
An example has been given of the calculation of the expected dry matter 
production of grass in relation to the frequency distribution of precipita-
tion totals, during the growing season. 
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9. Caption of figures. 
fig. 1. Relation between capillary conductivity and suction. 
a. humous loamy sand (topsoil) 
b. loamy sand (subsoil) 
c. sticky clay 
d. peat 
fig. 2. The relation between capillary rise and suction at the lower bounda-
ry of the effective rootzone for various depths of the water table 
in cm below the effective rootzone. a. loamy sand; b. peat; 
c. sticky clay 
fig. 3. Relation between the maximum capillary rise for a suction of 16000 
cm at the lower boundary of the effective rootzone and the depth of 
the water table below this zone. 
. . loamy sand; 
o — .—o sticky clay; 
x x peat. 
fig. 4. Relation between the maximum amount of moisture available below the 
effective rootzone and the depth of the water table below this zone 
. . loamy sand; 
o—. — o sticky clay; 
x x peat. 
fig. 5. The ratio E.P"1 of various crops at different locations versus the 
mean saturation deficit after data collected by Bierhuizen and 
Slatyer (1965). 
fig. 6. The relation between the yield of alfalfa hay intone per acre and 
the ratio E.EQ after data collected by De Wit (1958) 
o Logan (Utah) E 0 = 4.5 mm.day" 
x Gooding (Idaho) E 0 = 4.0 mm.day" 
. Davis (Cal.) E Q = 5.5 mm.day" 
• Delhi (Cal.) E Q = 5.5 mm.day" 
Ä Highley (Ariz.) E = 6.0 mm.day" 
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fig. 7» The relation between dry matter production of grass in kg.ha-1 and 
the ratio BpC«^ - e a)" 1 in 1959-
a 
b 
c 
d 
e 
f 
g 
6/5 -
2/6 -
6/7 -
13/8 -
7/9 -
13/8 -
6/5 -
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fig. 8. The relation between évapotranspiration and total maximum available 
water for various period lengths 
. loamy sand 
x peat 
o sticky clay 
fig. 9. The relation between dry matter production of grass in 1959 and 
total maximum available water 
0 + 6. O loamy sand; 0 $ i 27 days 
®x -Cs 0 peat; + x x. 61 days 
a K é • sticky clay; à é-éL 99 days 
Ü B B 124 days 
fig. 10. The relation between dry matter production of grass in 1960 and 
total maximum available water 
0 + à Q loamy sand; 0 C # 34 days 
(D x •£• Q peat; + x x 63 days 
• £ j l s t icky c lay . à -£r â 96 days 
O "ft-» i:?2 days 
fig. 11. The relation between dry matter production of grass and total maxi-
mum available water for various classes of maximum available soil 
moisture. 
Maximum available soil moisture. 
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fig. 12. The relation between dry matter production of grass and total maxi-
mum available water for various classes of maximum available soil 
moisture. 
fig. 13. The relation between dry matter production of oats and total maxi-
mum available water on a coarse sandy soil with a maximum amount of 
available soil moisture of 100 mm. 
The points are derived from table 7 on a 100$ dry matter basis. 
The full drawn line is calculated as the equivalent grass production 
on the basis of oats. 
The dotted line indicates the maximum production level on this soil. 
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